Recent optogenetic studies demonstrated that phasic dopamine release in the nucleus accumbens may play a causal role in multiple aspects of natural and drug reward-related behaviors. The role of tonic dopamine release in reward consummatory behavior remains unclear. The current study used a combinatorial viral-mediated gene delivery approach to express ChR2 on mesolimbic dopamine neurons in rats. We used optical activation of this dopamine circuit to mimic tonic dopamine release in the nucleus accumbens and to explore the causal relationship between this form of dopamine signaling within the ventral tegmental area (VTA)-nucleus accumbens projection and consumption of a natural reward. Using a two bottle choice paradigm (sucrose vs. water), the experiments revealed that tonic optogenetic stimulation of mesolimbic dopamine transmission significantly decreased reward consummatory behaviors. Specifically, there was a significant decrease in the number of bouts, licks and amount of sucrose obtained during the drinking session. Notably, activation of VTA dopamine cell bodies or dopamine terminals in the nucleus accumbens resulted in identical behavioral consequences. No changes in the water intake were evident under the same experimental conditions. Collectively, these data demonstrate that tonic optogenetic stimulation of VTA-nucleus accumbens dopamine release is sufficient to inhibit reward consummatory behavior, possibly by preventing this circuit from engaging in phasic activity that is thought to be essential for reward-based behaviors.
Dopamine release in the nucleus accumbens is involved in all types of reward-related behaviors, including reward learning, seeking and intake (Schultz et al., 1997; Hyland et al., 2002; Phillips et al., 2003b; Roitman et al., 2004; Wise, 2004; Stuber et al., 2005) . This neurotransmitter can be released naturally with two main patterns: phasic and tonic (Grace, 1991; Schultz, 1998; Grace, 2000; Wightman and Robinson, 2002) . Tonic dopamine firing occurs at a low frequency of ~5 Hz and results in steady-state dopamine concentrations that are lower than 50 nM (Parsons and Justice, 1992; Justice, 1993) . In contrast, burst firing of dopaminergic neurons, at frequencies of more than 30 Hz, leads to large, transient increases in dopamine concentrations, which may significantly exceed 50 nM Bunney, 1983, 1984; Freeman et al., 1985; Wightman and Zimmerman, 1990; Hyland et al., 2002; Wightman and Robinson, 2002; Aragona et al., 2008) . These distinct characteristics of phasic and tonic dopamine release suggest divergent roles for each pattern in the control of dopamine-related behaviors.
It is well documented that accumbal dopamine is released in a phasic fashion in response to reward presentation (Day et al., 2007; Brown et al., 2011; Flagel et al., 2011) or cues that signal reinforcement availability (Roitman et al., 2004; Owesson-White et al., 2008; Beyene et al., 2010; Jones et al., 2010) . Phasic dopamine release was also found to be temporally related to lever-pressing for reward delivery (Phillips et al., 2003b; Wassum et al., 2013) . Remarkably, the propensity of a reward-paired cue to increase lever pressing can be predicted by the amplitude of phasic dopamine release, suggesting a possible mechanism through which cues initiate reward-seeking behavior (Wassum et al., 2013) . Several other studies support this notion. For example, it has been shown that evoked dopamine transients can trigger a lever-press for cocaine (Phillips et al., 2003b) . Additionally, alterations in conditioning-associated tonic dopamine release were negatively correlated with changes in the effort needed to obtain a reward (Ostlund et al., 2011) . Other findings suggest that phasic dopamine release encodes the full range of reward prediction error necessary for reinforcement learning (Bayer and Glimcher, 2005; Hart et al., 2014) . Altogether, multiple studies have revealed strong associations between changes in subsecond dopamine release in the nucleus accumbens and different types of reward-related behaviors.
Recently, the emergence of optogenetics has allowed us to better explore the causal relationship between accumbal dopamine and behavior. Indeed, optogenetic activation of VTA dopamine neurons can selectively induce dopamine release in accumbal terminal fields with very high temporal and spatial precision. Moreover, optical stimulation of the VTA was shown to mimic phasic and tonic dopamine release (Tsai et al., 2009; Bass et al., 2013) . Using this approach, it was shown that phasic, but not tonic, dopamine release is solely responsible for the development of conditioned place preference (Tsai et al., 2009) . Furthermore, phasic activation of dopaminergic neurons causally enhances positive reinforcing actions in a food-seeking task (Adamantidis et al., 2011) . Moreover, phasic activation was sufficient to reactivate previously extinguished food-seeking behavior in the absence of external cues (Adamantidis et al., 2011) and to enhance the initiation of approach behavior without long-term motivational regulation (Ilango et al., 2014) . Optogenetic activation of dopamine neurons, mimicking a prediction error, was sufficient to cause longlasting increases in cue-elicited, reward-seeking behavior (Steinberg et al., 2013) . These finding establish a causal role for fast dopamine signaling in reward learning. While phasic dopamine release in the nucleus accumbens plays a causal role in multiple aspects of reward learning, seeking and intake behavior, the role of tonic dopamine release in reward-related activities is still unclear. In our previous optogenetic study, we revealed that tonic, but not phasic, activation of the VTA attenuated alcohol intake in an intermittent drinking procedure (Bass et al., 2013) . The aim of the present study was to explore whether driving mesolimbic dopamine transmission into the tonic mode affects natural reward consumption in a similar fashion.
EXPERIMENTAL PROCEDURES Animals
Adult (90-150 days old) male Long-Evans rats, weighing 300-380g, were housed in a temperature-controlled vivarium in acrylic cages on a 12/12 h light/dark cycle (lights out at 6:00 PM). Food and water were available ad libitum, though food was withheld during experimental sessions (30 min), conducted during the light cycle. Prior to surgery, rats were group-housed and then individually housed following viral infusion and optical cannula implantation. All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Viral constructs and packaging
Virus packaging and titering was previously described (Bass et al., 2010; Bass et al., 2013) . A standard triple transfection packaging protocol was used to package viruses to generate pseudotyped AAV2/10 (Xiao et al., 1998) . The three plasmids were an AAV2 plasmid, which contained the transgene to be packaged, pHelper (Stratagene, La Jolla, CA) provided adenoviral helper functions, and an AAV2/10 rep/cap plasmid containing the AAV2 replicase and AAV10 capsid genes (Gao et al., 2002; De et al., 2006) . The EF1α-DIOChR2-EYFP-pAAV and TH-iCRE-pACP plasmids were previously described (Gompf et al., 2015) . Briefly, Cre recombinase expression is driven by a rat tyrosine hydroxylase (TH) promoter, which restricts expression to TH+ neurons (Oh et al., 2008; Gompf et al., 2015) . In the second construct ChR2-EYFP is driven by a strong, generalized promoter (EF1α), but this transgene is oriented in a DIO configuration which requires Cre recombinase to reorient it to an active, drivable position in relation to the EF1α promoter. When co-infused into the VTA, the Cre is expressed only in TH+ (dopaminergic) neurons which are then the only cells that express ChR2-EYFP.
Stereotaxic virus injection
Naïve subjects were anesthetized using ketamine hydrochloride (100 mg/kg, i.p.) and xylazine hydrochloride (20 mg/kg, i.p.). Once placed in a stereotaxic frame, the scalp was shaved and wiped with iodine. The skull was uncovered by making an incision centrally along the scalp. Two small drill holes were fashioned for 2 skull screws to stabilize a cement cap. A final hole was drilled on the right side above either the VTA (from bregma: anterior 5.8 mm; lateral, 0.7 mm) or nucleus accumbens (from bregma: anterior 1.3 mm; lateral, 1.3 mm) into which an optic-fluid cannula (OFC) (Doric Lenses, Canada) was implanted (DV, 7.3 mm) (Fig. 1) . Next, a combination of DIO-ChR2-EYFP-AAV2/10 and TH-iCRE-AAV2/10 were coinjected (X:X, 1:3 μl total) gradually into the VTA (DV, 7.3mm) over 13 min through the OFC via a Hamilton syringe. Previously we have shown that this combinatorial system restricts ChR2 expression to dopaminergic neurons in the VTA (Gompf et al., 2015) . Dental cement stabilized by skull screws was used to cover the exposed skull. Subjects were returned to their home cages for recovery once the cement was dry.
Sucrose drinking behavior
Sucrose (3%) and water preference was measured using a two-bottle drinking procedure (Bass et al., 2013; Chaudhury et al., 2013; Tye et al., 2013) . Two groups of rats (6-7 rats per group) with ChR2 expression in the mesolimbic pathway and optic-fluid cannulas (Doric Lenses, Canada) implanted into the VTA or nucleus accumbens were prepared for these experiments. Subjects were placed in a cage (MED Associates, St. Albans, VT, USA) and given access to sucrose and water during 30 min testing periods every Monday, Wednesday, and Friday, having access only to water on other days ( Figure 1A ). Sucrose and water were given in graduated drinking tubes (MED Associates, St. Albans, VT, USA) and the position of the bottles was alternated on each drinking day to control for potential side preference. Using custom-made lickometers, sucrose and water consumption was measured as the number of licks, bouts and total intake (g/kg) after each drinking session. In addition, the latency to the first lick was also measured for both sucrose and water.
The control (no stimulation) and experimental (with optical stimulation) set for both experimental groups (targeted the VTA or nucleus accumbens) consisted of the same animals tested on different days in a balanced manner in order to provide a within-subject control design for sucrose and water consumption. This design allowed us to avoid the influence of multiple factors, including individual differences, and therefore, more clearly dissect effects of tonic stimulation on drinking behavior. Rats were habituated to the optical cable two weeks before stimulations. The stimulation was applied for the first 10 minutes of the drinking session only. Therefore, sucrose still remained accessible for the last 20 minutes of each session, providing rats with the opportunity to compensate for the amount of sucrose that was not obtained during the stimulation. No aversive effects of optical activation of the VTA or nucleus accumbens were observed.
Fast-scan cyclic voltammetry recordings
Extracellular dopamine concentrations, before and following optical (7 rats per group) and electrical (6 rats per group) stimulation of the VTA, were measured using fast-scan cyclic voltammetry (FSCV). The experiments with optical stimulation were performed at different time points following viral infusion, specifically at 4 weeks (4 rats) and 8 weeks (3 rats). No doubt, a greater spread of ChR2 expression can be observed with a longer incubation period. However, light penetration is always restricted to the same distance (≈1 mm) below the end of the optical fiber, and therefore, the signal is relatively the same at these two time periods. Since there was no difference in dopamine response between these two time points, data were analyzed together. Experiments with electrical stimulation were performed on rats matched to the same strain, age and weight as the ones on which optical stimulation was performed.
All subjects were secured in a stereotaxic frame following urethane (1.5 g/kg, i.p.) anesthesia. After the scalp was shaved and cleaned, the skull was uncovered by making a central incision along the scalp. One hole was fashioned above the nucleus accumbens (from bregma: anterior, 1.3 mm; lateral, 1.3 mm) and another hole above the ipsilateral VTA (from bregma: posterior, 5.8 mm; lateral, 0.7 mm). A final hole was placed on the contralateral hemisphere for the implantation of an Ag/AgCl reference electrode connected to a voltammetric amplifier (UNC Electronics Design Facility, Chapel Hill, NC). A carbon fiber microelectrode (exposed fiber length: 100 μ m; diameter: 6 μ m) connected to the voltage amplifier and secured to the stereotaxic frame arm was lowered into the hole drilled above the nucleus accumbens (ventral, 7.4 mm).
Electrical stimulation was obtained using a bipolar stimulating electrode that was inserted into the hole above the VTA (ventral, 7.5-8.5 mm) and connected to a voltage output box. Optical stimulation was achieved via an optical fiber (diameter: 200 μ m) inserted in the hole above the VTA (ventral, 7.5-8.5 mm) connected to a laser (Viasho, China). Optical (average power = 3.5 mW) and electrical (current = 350 μA) stimulations consisted of 250 rectangular 4 ms pulses at 5 Hz, and began 5 seconds into each recording. Voltammetric recordings occurred at the carbon fiber electrode every 100 ms for 75 seconds by applying a triangular waveform (-0.4 to +1.3V, 400 V/s). Oxidation and reduction peaks were observed at +0.6 V and -0.2 V respectively (vs. Ag/AgCl reference) identifying dopamine as the released chemical. Data were digitized (National Instruments, Austin, TX) and stored on a computer. Calibration of the carbon fiber electrodes was performed with known concentrations of dopamine (5, 10 μM) in vitro (Budygin et al., 2001b; Phillips et al., 2003a) .
Optical stimulation during sucrose drinking
The sessions with optical stimulation of sucrose drinking rats were performed 4 weeks following viral transfection. This interval was necessary to obtain the level of ChR2 expression that is sufficient for effective stimulation of dopamine release (Bass et al., 2010; . The optical setup had a laser at wavelength 473 nm (Beijing Viasho Technology Co., Ltd, Beijing, China) with a 100 mW maximum power output. A programmable function generator (Hewlett-Packard model 8116A) provided control signals to modulate the laser via the TTL input control port on the laser power supply. Parameters of the light presentation for tonic stimulation were 3000 light pulses at 5 Hz (total light exposure of 10 minutes). The optical pulse procedure began manually by firing a pulse generator (Systron-Donner Model 100C) which activated a digital delay generator (SRS Model DG535). The digital delay generator was used to ensure the function generator was appropriately gated to select a finite number of pulses from the continuous waveforms typically produced by the function generator. A series of 5 Hz square pulses were produced by the function generator. The total number of pulses in one data stream (250) was gated by the digital delay generator because the temporal length of a gate pulse received by the function generator dictated the number of square pulses produced by the function generator for each trigger. Individual pulses had a temporal width of 4 ms within each series of pulses. A commercial power meter (Thorlabs, Newton, NJ) was used to measure the laser power output.
Immunohistochemistry
The rats were sacrificed for histology at different time points (30 to 60 days) following viral transfection. They were anesthetized with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg) and then transcardially perfused with 10% normal buffered formalin. After removal, brains were soaked overnight in fixative at 4º C and then incubated in a 25% sucrose solution overnight until the brains sank. Fifty μ m thick sections were obtained on an American Optical 860 sliding microtome. Free-floating coronal sections which contained the midbrain were processed for immunohistochemistry. Briefly, sections were washed in PBS for 5 min followed by 3× 10 min rinses in PBS + 0.5% triton X-100. Primary antibody diluted in PBS + 0.3% triton X-100 was applied overnight at 4ºC while shaking. Primary antibodies used were mouse anti-tyrosine hydroxylase (ImmunoStar #22941) at a 1:4000 dilution and a rabbit anti-GFP (Invitrogen #A6455, also cross reacts with EYFP) at a 1:2000 dilution. The following day, sections underwent 3 × 10 min PBS rinses and then were incubated with secondary antibodies of Alexa 555 donkey anti-mouse (Invitrogen, #A31570, 1:4000) and Alexa 488 goat anti-rabbit (Invitrogen #A11034, 1:2000) at room temperature for 2 hours while shaking. A last set of 3× 10min PBS rinses were applied to the sections which were then mounted onto slides and coverslipped with Prolong Gold media. Slides were visualized via a Zeiss LSM 710 confocal microscope.
Statistical analysis
Data were analyzed in GraphPad Prism (GraphPad Software, San Diego, CA). 2-way ANOVAs, two-tailed unpaired t test with Welch's correction and nonparametric Wilcoxon matched pairs signed rank test were used to determine statistical significance. The data were presented as mean ± SEM, and the criterion of significance was set at P<0.05.
RESULTS

Confirmation of ChR2 expression on dopaminergic neurons
Immunohistochemistry for GFP and TH revealed robust ChR2-EYFP expression throughout the VTA with EYFP+ terminals apparent in the nucleus accumbens. Co-localization of TH and EGFP was restricted to TH+ neurons in the VTA (Fig. 2) .
Mimicking and detection of tonic dopamine release in rat nucleus accumbens
FSCV in anesthetized rats was used to detect changes in extracellular dopamine concentrations in the nucleus accumbens in response to tonic stimulation patterns. We compared the effect of optogenetic stimulation of dopamine cell bodies with consequences observed following their electrical stimulation that has been traditionally used for many years (Budygin et al., 1999; Budygin et al., 2000; Budygin et al., 2001a; Jones et al., 2006; Budygin, 2007; Oleson et al., 2008; Bass et al., 2010; Pattison et al., 2011; Pattison et al., 2012; Bass et al., 2013) . As illustrated in Figure 3 , tonic optogenetic (A) and electrical (B) VTA stimulation evoked significant increases in accumbal dopamine levels. An evaluation of the areas under each curve of the dopamine transients found no difference between optogenetic and electrical activation (P>0.05, n=6; Mann Whitney test). However, the area under each curve during the first 20 seconds of stimulation was significantly greater for electrically-evoked dopamine traces compared with optically-induced signals (15.9±3.0 vs. 6.1±1.0, P<0.05, n=6; Mann Whitney test). Notably, the dopamine concentration evoked by optical stimulation remained quite stable during the entire stimulus train (50s), while dopamine following electrical stimulation was less steady. Thus, similar to the dopamine response during the first second of optical stimulation, electrically-evoked dopamine increased transiently but then plateaued for 15 s and finally, gradually decreased. A 2-way RM ANOVA revealed a significant interaction (F(354,1888) =4.957, P<0.0001) and a main effect of time (F(188,1888)=8.715, P<0.0001, n=6-7) . This main effect of time was driven by electrical stimulation (F(2.593,15.56)=22.88, P<0.0001, n=6) but not optical stimulation (F(2.382,11.91)=2.782, P=0.0959, n=7), according to a 1-way RM ANOVA. The difference in dopamine response induced by optical and electrical stimulation may be based on the specificity of these approaches. While optogenetic stimulation only activates dopamine neurons, electrical stimulation will also activate glutamatergic, and GABAergic neurons within the VTA and these cells may influence dopamine release kinetics. Moreover, electrical stimulation applied with these specific parameters may trigger a greater dopamine efflux in comparison with the optical stimulation used in this study.
An electrical activation of dopamine axons is capable of inducing a depletion of releasable dopamine in the terminal field under some stimulating parameters (Michael et al., 1987; Nicolaysen et al., 1988) . Therefore, it was important to figure out whether optogenetic stimulation, selected for behavioral experiments, caused dopamine depletion. The experiments revealed no depletion under our stimulation protocol. Dopamine was effectively released during the entire period of stimulation (10 minutes). There was some significant reduction (from 45.7±3.1 nM for the first minute to 29±3.5 nM during the last minute of VTA stimulation) in the maximal amplitude of optically-induced dopamine efflux at the end of the 10 min stimulation (F(1.099,3.296)=14.62, P<0.05, n=4; RM one-way ANOVA).
However, dopamine recovered to 100% (46.0±3.9 nM) within 1 minute after stimulation was terminated.
Effects of tonic activation of VTA-accumbal dopamine release on sucrose drinking behaviors
Subjects were presented with two bottles containing water and a 3% sucrose solution for 30 min drinking sessions. Figure 4 represents average sucrose (3%) and water licks during 18 drinking sessions measured before optical stimulation. There was a significant difference between sucrose and water consumption (F (1, 101) = 559.5; P < 0.0001). Importantly, no significant changes in the number of licks were found after virus injection surgery (between 11 th and 12 th drinking session -see Fig. 4 ).
Multiple behavioral parameters were measured for an entire 30 minute session. For the first 10 minutes of the session, a 5 Hz optical stimulation was applied to VTA dopamine cell bodies or accumbal dopamine terminals. These data were compared to non-stimulated sessions (Figs. 5, 6 ). Since drinking measurements satisfied the criterion of a normal distribution (one-sample Kolmogorov-Smirnov test), a two-tailed unpaired t-test with Welch's correction was used to analyze the results presented in Figure 6 . Each visit to one of the two bottles was recorded as a single bout which could consist of one or more licks. The number of sucrose drinking bouts was significantly lower following VTA stimulation compared to results from non-stimulated control sessions (t(22.88)=2.614, P<0.05). In contrast, no difference was observed in the number of water drinking bouts between stimulated and non-stimulated sessions ( Fig. 6A ; t(36.35)=1.024, P=0.313). Similarly, accumbal stimulation resulted in significantly fewer sucrose bouts when compared to nonstimulated controls (t(25.37)=4.080, P<0.001) and, again no difference in the number of water bouts was observed ( Fig. 6E; t(18.93)=0.2146, P=0.832) . When the overall number of licks was analyzed, a pattern similar to that observed with bout behavior was noted (Fig. 6B,  F) . Significantly fewer licks of the sucrose solution were recorded following optical stimulation of the VTA ( Fig.6B; t(19.71)=3 .054, P<0.01) or nucleus accumbens ( Fig. 6F ; t(18.70)=2.912, P<0.01) compared to non-stimulated controls. Additionally, no change in water licks was observed following stimulation of either VTA (Fig 6B; t(23.35)=0 .9578, P>0.05) or nucleus accumbens ( Fig. 6F; t(26.34)=1 .357, P>0.05) compared to nonstimulated sessions. Next, the solution intake of each bottle was calculated (Fig. 6C, G) . Intake of the 3% sucrose solution was significantly lower following optical stimulation of the VTA ( Fig. 6C; It is important to notice that multiple measures were obtained from single rats for the t-test analysis of consummatory behavior. This approach, termed "nested data analysis" is quite commonly used in the field of neuroscience research (Aarts et al., 2014) . However, depending on the number of observations per object and the degree of dependence, this analysis can overestimate statistical significance (Aarts et al., 2014) . Therefore, we performed an alternative statistical analysis of the data to confirm a significant difference in consummatory measures. The data were taken from separate animals in the experiments, where a single measure from a single rat (n=6-7 per group) was taken first during a control session and then during a subsequent session with optical stimulation. This allowed us to reanalyze the difference between unstimulated and stimulated consummatory parameters by the use of a nonparametric Wilcoxon matched pairs signed rank test. According to this analysis, activation of the VTA resulted in a significant decrease in the number of licks (from 2732±392 to 1185±309, P=0.031, n=6) and consequently the intake was reduced (from 0.81±0.14 to 0.43±0.14 g/kg, P=0.033, n=6). Similarly, the decreases in the number of licks (from 2059±542 to 629±296, P=0.016, n=7) and in the intake (from 0.60±0.15 to 0.18±0.12 g/kg, P=0.016, n=7) were observed following optical stimulation of the nucleus accumbens. Therefore, both analyses revealed statistically significant inhibition of consummatory measures.
DISCUSSION
We used a previously characterized combinatorial viral approach (Gompf et al., 2015) to selectively express ChR2 in VTA dopamine neurons of Long-Evans rats to evaluate the role of tonic dopamine release on the consumption of sucrose, a natural reward. The experiments revealed that optogenetically driving mesolimbic dopamine transmission into the tonic mode results in a significant decline in multiple reward consummatory behaviors, including the number of sucrose drinking bouts, the number of licks and the amount of sucrose obtained during the entire drinking session. Importantly, these inhibitory effects were observed following tonic stimulation of either VTA dopamine cell bodies or accumbal dopamine terminals. Moreover, optogenetic stimulation of the VTA-accumbal circuitry had no effect on water consumption under the same experimental conditions. These data demonstrate that delivery of tonic stimulation within the VTA-nucleus accumbens pathway is sufficient to deter reward consummatory behavior.
Sugar is a powerful natural reinforcer with some addictive potential (Avena et al., 2008) . In animal models, such as a two bottle choice procedure, rodents quickly establish a preference for sucrose solutions over other fluids (Chaudhury et al., 2013; Tye et al., 2013) . Following a month of intermittent drinking, animals show behavioral patterns quite similar to changes observed during addictive drug exposure (Avena et al., 2008) . Moreover, these behaviors are associated with tonic increases in accumbal dopamine release (Rada et al., 2005; Avena et al., 2006; Ghitza et al., 2006) . However, the causal relationship between tonic dopamine fluctuations in the nucleus accumbens and sucrose intake has not previously been examined. In order to assess this relationship, we optogenetically mimicked a tonic dopamine rise during the first 10 minutes of the drinking session. The activation of the VTA at 5 Hz, which induced a relatively low but sustained elevation in accumbal dopamine concentration selectively reduced sucrose, but not water, consumption. The lack of significant effect on water intake likely reflected the fact that animals were not water restricted during these studies. Since subjects consumed very little water during the limited access preference test, a floor effect would have likely impeded our ability to detect an inhibitory effect of the stimulation on water intake. Importantly, as we did not observe an increase in water intake, the experimental design allowed us to confirm that rats did not simply shift their drinking from sucrose to water. Prior studies have established that if the motivational valence of water is increased by water restriction, modulation of accumbal dopamine receptors does indeed significantly influence water intake (Ljungberg, 1989) .
These results are similar to our prior findings with ethanol drinking rats, where the same stimulation protocol caused a significant decrease in the total amount of 20% ethanol consumed throughout the entire session (Bass et al., 2013) . Notably, in both studies, ethanol or sucrose solutions were accessible for the last 2/3 of each drinking session, when the optogenetic stimulation was absent. Nevertheless, the rats did not compensate for their diminished intake during the first 10 minutes while the stimulation was applied. Therefore, attentional disruption of rodent behavior, which could be due to optogenetic activation of VTA dopamine cells, is unlikely to be responsible for the observed effects on sucrose drinking. Importantly, high-frequency optogenetic stimulation of dopamine cell bodies in the VTA that induced a marked dopamine response (Tsai et al., 2009; Bass et al., 2013) , did not affect any ethanol drinking measures in the two bottle choice test.
The one striking difference between the effects of tonic VTA dopamine cell activation on sucrose and ethanol drinking behavior was on the latency to the first lick during the drinking sessions. Whereas tonic VTA stimulation resulted in a two-fold delay for the first lick during ethanol sessions, this parameter was highly variable but not significantly different from the control when sucrose was available. This dissimilarity may be based on the different values of natural (sucrose) and drug (ethanol) reinforcers in this particular behavioral paradigm.
The VTA and the nucleus accumbens, two highly connected brain areas, are essential for the manifestation of natural as well as drug reward-related behaviors (Stuber et al., 2012) . However, the VTA sends dopamine projections not only to the nucleus accumbens but also to the amygdala, prefrontal cortex and hippocampus (Beckstead et al., 1979; Swanson, 1982) . Changes in dopamine transmission induced by VTA activation in some of these other brain areas could influence the observed behavioral changes in this study, and the results may not be exclusively attributed to the VTA-nucleus accumbens projections. We explored this possibility by directly stimulating dopamine terminals in the nucleus accumbens of sucrose drinking rats using the same behavioral paradigm described above. These experiments showed an identical reduction in all sucrose drinking measures, including the number of bouts, licks and intake, indicating indistinguishable effects between dopamine cell body and nucleus accumbens dopamine terminal activation on sucrose drinking behavior. Therefore, tonic dopamine release in the nucleus accumbens can be causally linked with the attenuation of sucrose consummatory behaviors. These data provide a mechanistic link to previous findings, including how alterations in tonic dopamine efflux, measured by microdialysis in the nucleus accumbens core, were negatively correlated with changes in the effort required to obtain reward (Ostlund et al., 2011) . In fact, earlier microdialysis studies demonstrated increases in accumbal dopamine concentration during and after the consummatory behaviors (Church et al., 1987; Radhakishun et al., 1988; Wilson et al., 1995) . In contrast to measures of intake, anticipatory and seeking aspects of feeding behaviors were not robustly associated with increases in tonic dopamine release in the nucleus accumbens (Wilson et al., 1995) .
Phasic dopamine release in the nucleus accumbens promotes reward-seeking and -taking actions (Phillips et al., 2003b; Roitman et al., 2004; Wassum et al., 2012; Wassum et al., 2013; du Hoffmann and Nicola, 2014; Ko and Wanat, 2016) . Importantly, these transitory dopamine effluxes, which are reliably detected with voltammetry during reinforced behaviors, do not convert to substantial changes in tonic dopamine (Floresco et al., 2003) . However, significant changes in tonic dopamine can influence phasic dopamine release through a D 2 dopamine autoreceptor-mediated feedback mechanism (Grace, 1991; Phillips et al., 2003b; Oleson et al., 2008) . Terminal autoreceptors in the nucleus accumbens are activated when tonic dopamine release is increased, resulting in inhibition of phasic dopamine. Consequently, we can speculate that the shift of accumbal dopamine neurotransmission to tonic patterns suppresses phasic dopamine release triggered by the contextual stimuli, which are tightly linked with the drinking environment. The outcome of these specific alterations in dopamine signaling may then lead to the observed decrease in reward consummatory behavior. Collectively, these findings provide evidence that dopamine transmission in the VTA-nucleus accumbens circuit plays a causal role in reward intake behavior through interplay between tonic and phasic modes of dopamine release. Panel A represents a schematic picture of a rodent cage that was optimized to allow stimulation of targeted brain areas through implantable optical cannulas, which were connected to a laser via the patch cord, during 30 min drinking sessions. A counter-balanced lever arm with attached optical commutator allowed rats to move freely in the drinking chamber. Panel B and C represent schematic pictures of rat brains with the optical activation of the ventral tegmental area (VTA) and nucleus accumbens (NAcc) through implanted cannulas, respectively. Average daily sucrose (3%) and water licks during 18 drinking sessions were measured before experiments with optical stimulation. No significant changes in the number of licks were found after the virus injection surgery (between the 11 th and 12 th drinking sessions).
There was a dramatic difference between sucrose and water preference, which was also unchanged following the surgery. The upper panel shows drinking patterns of a single rat during 2 separate sessions, which were performed 2 days apart, with or without optical stimulation of the VTA (A). The lower panel demonstrates drinking patterns of a different rat from analogous sessions, where the nucleus accumbens was optically stimulated during one session (B). The solid black line indicates the response of the subject during the session in which there was no stimulation; the dashed black line shows the response of the subject during the session in which there was stimulation; the blue line indicates time of stimulation. Drinking was assessed using a two-bottle choice procedure and optical stimulation was delivered either to VTA dopamine cells or nucleus accumbens (NAcc) dopamine terminals. The number of drinking episodes, termed bouts (A, E), the total number of licks (B, F), intake (C, G), and the latency to the first bout (D, H) for sucrose and water were compared between stimulated and non-stimulated sessions. Following optical stimulation in either the VTA or NAcc, subjects showed significantly attenuated sucrose intake as evidenced by a decreased number of bouts, licks, and sucrose intake when compared to non-stimulated sessions. However, the latency to the first lick was not significantly altered following stimulation of either brain area. Optical stimulation of either the VTA or NAcc did not affect any water drinking measures. ***P<0.001, **P<0.01,*P<0.05; n=6-7 rats per group.
